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Edited by Vladimir SkulachevAbstract Plasma membrane lipid rafts have been considered as
a sort of ‘‘chamber’’, where several subcellular activities, includ-
ing CD95/Fas-mediated pro-apoptotic signaling, can take place.
Recently, we demonstrated that, after CD95/Fas triggering, raft-
like microdomains could be detected in mitochondrial mem-
branes. The mitochondrion appears as a dynamic and subcom-
partmentalized organelle in which microdomains might act as
controllers of apoptosis-associated ﬁssion that results in the re-
lease of apoptogenic factors. Here, we hypothesize that some
‘‘small’’ mitochondria, possibly derived from their ﬁssion pro-
cess, can reach the nuclear envelope and strictly interact with
this. Mitochondria could act as a signaling ‘‘device’’ contributing
to molecular traﬃcking of molecules, including raft-like compo-
nents, during apoptosis.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Lipid rafts were described as a sort of ‘‘dynamic chamber’’,
where several subcellular activities, including CD95/Fas-medi-
ated proapoptotic signaling, take place [1,2]. From the bio-
chemical point of view, they are speciﬁcally enriched in
certain lipids (sphingolipids, including gangliosides, sphingo-
myelin, and cholesterol), whereas other lipids (e.g., glycero-
phospholipids) are selectively depleted [3]. Despite their
peculiarity in lipid composition, the key role of these structures
in signal transduction is strictly depending on their (glyco)pro-
tein composition. Indeed, a large variety of proteins has been
detected in these microdomains isolated from diﬀerent cell
types, including tyrosine kinase receptors [4], mono- [5] or het-
erotrimeric G proteins [6], Src-like tyrosine kinases [7], PKC
isozymes [8] and GPI-anchored proteins [9,10].
Lipid rafts play crucial roles in several signal transduction
pathways starting from plasma membrane, thus providing a*Corresponding author. Fax: +39 06 49903691.
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nents. In fact, they can ‘‘focus’’ receptors for interaction with
their ligands and/or eﬀectors on both sides of the plasma mem-
brane increasing de facto their concentration, but they can also
exclude other components. This can speed up the binding pro-
cess during signaling and prevent inappropriate cross talk
among diverse pathways [1]. This was also demonstrated for
certain components of importance in apoptosis triggering
[1,11,12].2. Raft-like microdomains on mitochondria
Previous ﬁndings have identiﬁed the ganglioside GD3 as an
emerging glycolipidic intermediate in apoptotic signaling that
targets mitochondria in response to death signals. Indeed, Gar-
cia-Ruiz and colleagues characterized the traﬃcking of GD3 to
mitochondria in response to tumor necrosis factor-a (TNF-a)
in rat hepatocytes [13]. They demonstrated that GD3 is nor-
mally conﬁned to the plasma membrane, as well as in the endo-
somal/Golgi network. Following TNF-a treatment, GD3
undergoes a rapid intracellular redistribution from the plasma
membrane to the endosomes, as detected by using early and
late endosomal markers such as Rab-5 and Rab-7 [14]. The
glycolipid GD3 targets to the mitochondrion probably
through actin cytoskeleton vesicular traﬃcking and via its
interaction with ezrin [15].
Recently, we demonstrated that, after CD95/Fas triggering,
raft-like microdomains could be detected on mitochondrial
membranes [16]. They could represent preferential sites, where
some key reactions can be catalyzed, contributing to cell death
execution steps. For instance, raft-like domains, enriched in
gangliosides (GD3, GM3), but with a relatively low content
of cholesterol, are detectable on mitochondrial membrane(s),
where Bcl-family proteins (i.e. truncated Bid and Bax) are
recruited. It was suggested that these microdomains could
bolster mitochondrial sub-compartmentalization hijacking hu-
man T cells towards a CD95/Fas apoptotic prone phenotype
[16].
However, also other subcellular organelles, such as the endo-
plasmic reticulum (ER) [17,18] and the Golgi complex [19],
have been shown to be involved in a sort of scrambling activityblished by Elsevier B.V. All rights reserved.
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gression of apoptosis. The intracytoplasmic stress resulting
from apoptotic triggering also leads to a directional cytoskele-
ton-dependent redistribution of key molecules, including lipid
raft components (e.g. GD3), to mitochondria. Recruitment of
plasma membrane raft components to mitochondria might
contribute to intracellular apoptotic signaling. In line with this
hypothesis, we have recently shown that the ganglioside GD3
could play a role as a structural mitochondrial component in-
volved in the opening of the mitochondrial permeability tran-
sition pore. The formation of a multimolecular complex that
includes VDAC-1, Bcl-2 family and ﬁssion proteins, e.g. h-
Fis, has in fact been demonstrated [16]. Mitochondrial lipid
raft-like microdomains may thus instruct a sort of mitochon-
drial ‘‘dynamic chamber’’ where speciﬁc reactions can be cata-
lyzed, leading to cell survival or death. In particular,
ganglioside GD3 could contribute to those morphogenetic
changes, e.g. changes of membrane viscosity and curvature,
which could in turn lead to mitochondrial ﬁssion associated
with apoptosis execution [16]. In fact, the role of gangliosides
in this multimolecular complex could be to facilitate the tran-
sient and local formation of inverted hexagonal structures that
undergo the ﬁssion process. Hence, they could play a key role
in the onset of both outer (OMD) and inner (IMD) mitochon-
drial membrane dissolution [20]. Mitochondrion thus appears
as a sub-compartmentalized organelle, in which microdomains
may act as controllers of ﬁssion-associated morphogenetic
changes that result in the release of apoptogenic factors [21].Fig. 1. Transmission electron micrographs of lymphoblastoid CEM
cells undergoing apoptosis. (A) Immunogold labeling of GD3 1 h after
CD95/Fas triggering. Electron micrograph shows gold particles
localized at the mitochondrial cristae, Magniﬁcations: 100000·; inset
150000. (B) High magniﬁcation electron micrograph showing a ﬁssion-
derived mitochondrion in close contact with the nuclear membrane.
Note the strict interaction between the electron dense small mitochon-
drion and the nuclear envelope in correspondence of a chromatin
clump. N: nucleus. Magniﬁcation: 80000·. (C) Immunogold labeling
of GD3 4 h after CD95/Fas triggering. Electron micrograph shows
gold particles localized into the neo-formed micronuclei of an
apoptotic cell and, in particular (inset), within the condensed and
clumped chromatin. The arrow in the inset at high magniﬁcation
indicates gold particles. Note the absence of gold labeling at
mitochondrial level. Magniﬁcations: 10000·; inset: 100000·. For
these transmission electron microscopy analyses, CEM cells, four
hours after CD95/Fas triggering, were ﬁxed with 2.5% glutaraldehyde
and 1% osmium tetroxide, dehydrated through graded series of ethanol
solutions and embedded in Agar 100 resin. Immunogold labeling was
performed by using anti-GD3 monoclonal antibody as primary
antibody and an anti-mouse IgM-gold (10 nm) conjugate (both from
Sigma, Italy). Ultrathin sections were then counterstained with uranyl
acetate and lead citrate.3. Mitoptosis
Mitoptosis represents a mechanism by which mitochondria
undergo extensive fragmentation and subsequent caspase-inde-
pendent elimination during programmed cell death. However,
mechanisms underlying these processes remain unclear. It is
well known that apoptotic stimuli target mitochondria for deg-
radation by autophagy, a catabolic process that allows recy-
cling of cytoplasmic components, including organelles, into
basic components [22–24]. We recently showed [20] that in
lymphoblastoid T cells, following CD95/Fas triggering, two
diﬀerent additional pathways for mitochondrial execution
can be observed: (i) OMD and (ii) IMD. During OMD, con-
densation and collapse of internal cristae precedes the disrup-
tion of outer membrane, followed by cytoplasmic spreading of
mitochondrial debris. On the contrary, IMD appears to be
characterized by mitochondrial coalescence, rarefaction of
the mitochondrial matrix and disruption of internal cristae.
This ﬁnally results in organelle extrusion (mitoptosis) [25] or,
alternatively, sequestration in large autophagic vacuoles (mito-
phagy) [20].
Thus, the ﬁnal steps of the so-called execution phase of cell
death cannot merely be considered as a dissolution process.
Depending on the type of death process, e.g. apoptotic, auto-
phagic or necrotic, and of the molecular cascade, a diﬀerent
series of organelle alterations can be involved. Indeed, accord-
ing to the cell type and the noxious agent, various organelles
(mainly ER and Golgi) undergo profound changes, such as
swelling and membrane remodeling. Mitochondrial fate ap-
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with other organelles or with plasma membrane, including li-
pid rafts, molecular symmetries that instruct proper mitochon-
drial morphology can be deeply modiﬁed and subverted. At
glance, degenerating mitochondria are generally surrounded
by lysosomal membranes in order to allow the cell to re-cycle
debris and molecular components for its survival. Alterna-
tively, mitochondria dissolution can also take place in diﬀerent
forms, probably depending upon cell type: an IMD that is typ-
ical of cell death by necrosis (but that also occurs in the latest
phases of apoptosis) and, more interestingly, an OMD, i.e. a
loss of the external curvature and assembly of the outer mem-
brane, known to be maintained among others, by glyco-
sphingolipids.4. ‘‘Mitochondrial invasion of the nucleus’’ [25]
Since 1958, it was reported the presence of mitochondria in-
side the nucleus [26]. However, only recent lines of evidence
suggested that mitochondria could move towards the nucleus
during the apoptotic process [25], although mitochondrial
‘‘invasion’’ of the nucleus is a rather rare case.
Apoptosis is associated with the dissolution of mitochondria
ﬁlamentous network to form small rounded mitochondria,
which move towards the nucleus. These mitochondria are able
to release into the nucleus apoptogenic factors such as theFig. 2. (A) The suggested lipid raft ‘‘journey’’ inside a cell undergoing a
illustrating the ‘‘cargo boat’’ hypothesis.apoptosis-inducing factor (AIF) [27], as well as endonuclease
G [28,29]. Thus, as previously suggested since 2004 by Skula-
chev et al. [25], mitochondria might act as ‘‘cargo boats’’,
delivering some pro-apoptotic proteins to their destination,
contributing to cell death execution. It remains to be eluci-
dated how the nuclear membrane is opened in order to allow
the entrance of mitochondria into the nucleus. In this regard,
a short-term opening of some area of the nuclear membrane
with a consequent ‘‘healing’’ of the hole has been suggested
[25]. Alternatively, a fusion phenomenon with nuclear mem-
brane with release of mitochondrial content might also occur.5. A hypothesis: from lipid rafts to cargo boats
It was suggested that ‘‘small’’ mitochondria might serve as a
transportable form of these organelles, which, in this way,
could transfer some apoptogenic factors to the nuclear target
[25]. However, it has been underlined that the amount of
pro-apoptotic mitochondrial proteins (i.e. cytochrome c) re-
leased from a single mitochondrion is too small to initiate
the cell suicide cascade. The situation would be completely dif-
ferent if many or all mitochondria would participate to the re-
lease of these factors. In this case, the concentration could
reach a critical level, suﬃcient to switch on the cell death pro-
gram. Following this hypothesis, mitochondrial ﬁlaments are
ﬁrst decomposed (thread-grain transition), move towards thepoptosis. See text for details and references. (B) Schematic drawing
3902 T. Garofalo et al. / FEBS Letters 581 (2007) 3899–3903nucleus and release pro-apoptogenic proteins by means of the
permeability transition pore-mediated swelling or, alterna-
tively, by increasing the permeability of the outer mitochon-
drial membrane. It may also be the consequence of
modiﬁcations of porin in the outer mitochondrial membrane,
which may be carried out by Bax migrating from the cytosol
to mitochondria during apoptosis [30] or by oxidation of porin
by mitochondria generated super oxide anion [31].
We observed that in lymphoblastoid T cells, short time after
CD95/Fas triggering (1 h), mitochondria appear to be positive
for GD3, a marker of mitochondrial lipid rafts [16], as shown
by gold labeling (Fig. 1A). Subsequently, small mitochondria,
probably derived from ﬁssion process, can reach the nuclear
envelope and strictly interact with this structure, as revealed
by ultrastructural TEM analysis (Fig. 1B). Finally, at later
time points after CD95/Fas triggering (4 h), immunogold
labeling of GD3 was absent at mitochondrial level but, strik-
ingly, was detectable at nuclear level (Fig. 1C). It could indi-
cate a delivery of GD3 to the nucleus. The presence of this
molecule in the nucleus has already been reported in neurons,
where, during b-amyloid-induced apoptosis, it colocalizes with
chromatin [32]. In addition, a colocalization of GD3 with the
nucleus was also observed in neuronal cerebellar granule cells
undergoing apoptosis [33]. Thus, our hypothesis is that ﬁssion-
derived small mitochondria might act as signaling ‘‘devices’’
(‘‘cargo boats’’) [25] (Fig. 2A), transporting some raft-like
components, i.e. GD3, together with pro-apoptotic molecules
(e.g. endoG and/or AIF), to their nuclear targets, where they
may also suppress the nuclear factor-jB-dependent survival
pathway [34].
Hence, the complex scenario depicted herein attempts a con-
nection among lipid rafts, cytoskeleton, ER, Golgi apparatus
and mitochondrial raft-like microdomains. In fact, ganglioside
GD3 represents a lipid intermediate that targets mitochondria
in response to death signals [16]. Our hypothesis (Fig. 2B) is
that these organelles could act as ‘‘cargo boats’’ transporting
GD3 into the nucleus, possibly together with other pro-apop-
totic molecules, contributing to apoptosis execution.
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